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ABSTRACT

The hollow core Fiber-Reinforced-Polymer (FRP) concrete circular-steel (HCFCS) column consists of an outer circular fiber reinforced polymer (FRP) tube, an inner
thin-walled circular steel tube concentrically aligned, and a concrete shell between them.
Research has been performed on the performance of the member as a whole, but to date,
there has been no investigation into the behavior of the steel tube confined in the column.
17 small-scale columns were tested under axisymmetric axial compressions applied
directly to the steel tube under displacement control. The conducted parametric study
examined the effects of diameter-to-thickness (D/t) ratio, concrete unconfined
compressive strength, FRP thickness, and concrete shell thickness. Ductility is improved
in all cases with the concrete adding a positive second curve. Increasing the D/t ratio led
to the column not reaching yield if D/t exceeded 118. Concrete strength and thickness
had little effect on capacity. Finally, Increasing FRP thickness had a powerful influence
on stiffness. The experimental tests were used to the development and validate a
numerical model of a steel tube with an original end condition under axial compressive
loading which will be used in future modeling of the HC-FCS column. A threedimensional numerical model was developed using the software LS_DYNA to model
local buckling of steel. Validation of the behavior, stiffness, and failure of the model was
based upon tests performed on four thicknesses of steel with diameter-to-thickness ratios
(D/t) ranging from 40 to 280.
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SECTION

1. INTRODUCTION

1.1. BACKGROUND
The HC-FCS column is a hollow column meant for bridges in seismic zones and
accelerated bridge construction. The steel tube is what acts to resist shear and bending
moment by acting like the longitudinal and transverse reinforcement found in reinforced
concrete. Around the steel is a layer of concrete which takes most of the axial load and is
confined by the outer layer which is an FRP tube acting only in tension. By using the
FRP and Steel tubes as stay in place forms construction time is reduced by 90% and
manpower is decreased by 75% (Abdelkarim O. 2015; Abdelkarim Omar and ElGawady
2015) as compared to conventional reinforced concrete. This accelerated construction has
the additional advantage of increasing worker safety by reducing time spent near traffic
and lessening the disruption caused by construction. Savings can also be had in materials
since the HC-FCS columns need 60% to 75% less concrete. And by reducing the weight
of the member it can be made more affordable to ship as precast along with their also
being a corresponding decrease in self-weight of the structure. By lowering the dead load
a smaller member may be chosen which will reduce the mass which will act as a point
load during an earthquake reducing the moment the steel tube has to resist. The buckling
strength of the steel tube is also increased by the confinement eliminating global buckling
and preventing the low strength outward local buckling. The FRP also adds a layer of
protection; keeping water away from the steel to prevent corrosion, eliminate spalling of
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concrete by keeping it confined and hence avoiding a reduction in cross-section, and
increasing max strain in concrete. The steel tube will additionally avert interior spalling
of concrete and in seismic events will deform significantly dissipating energy which will
avoid total loss of the structure. The current research investigates the behavior of the
inner steel tube under axial loading and how confinement affects it.

1.2. OBJECTIVES
This research was performed in an attempt to understand the behavior of the steel
tube confined within an HC-FCS column when an axial load is applied directly to the
steel. All previous research into the compressive behavior of the HC-FCS is based on a
loading of either the whole cross-section or steel and concrete. Meaning that the behavior
of the steel under loading is a complete unknown and has been rationalized by assuming
a constant capacity of yield strength. This thesis is a report on the work performed by the
author and is divided into two parts which represent separate publications.
Part one is a parametric study on the factors most likely to affect the behavior of
the steel tube. Those are steel thickness, FRP thickness, concrete strength, and concrete
thickness. Small-scale columns were constructed and tested under quasi-static monotonic
axisymmetric compressive loading. These results were validated against a series of
equations for the average post-buckling strength.
Part two is a description and validation of an FE model of the steel within the HCFCS specimens when unconfined. The model is validated against unconfined steel tube
tests with plans for future development into a complete model of the HC-FCS.

3
2. LITERATURE REVIEW

In recent decades, there has been a drive towards the development of higher
performance structural members that use new materials and or geometries to affect a
myriad of improved qualities such as compressive strength and ductility. Concrete-filled
steel tubes (CFSTs) are commonly used in Europe, China, and Japan as bridge piers and
building columns. Consisting of hollow steel members with concrete infill, they have
high compressive strength due to the concrete, which is under confinement from the steel
tube, and the concrete then prevents the inward buckling of the steel enhancing its
strength. The steel tube acts as flexural and shear reinforcement with the option of adding
additional flexural reinforcing steel into the concrete for added strength or to connect
with other members. The composite action of this column gives it a significant
improvement in ductility over well-designed reinforced concrete (RC) making it more
seismically resilient. To save materials and weight an additional smaller steel tube can be
put in a CFST column so that it displaces the concrete that would have taken up that
volume.
In the last two decades, the use of fiber-reinforced polymer (FRP) has become
prevalent in the structural engineering world due to its high performance. It has been used
for new construction and in the retrofit of concrete columns. RC column wrapped with
FRP results in improved ductility due to the improved confinement of the concrete. This
has led to the use of FRP wrapping as a rapid economic method of repairing and
retrofitting columns in high seismic zones (Abdelkarim et al. 2017; Fakharifar et al.
2015; Fakharifar et al. 2016; Priestly and Lew 1992).
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To better make use of the confining properties of FRP, the concrete-filled fiber
tube (CFFT) column was developed to combine the axial resistance of concrete with the
continuous confinement of FRP to improve strength and ductility as with FRP wrapped
RC columns. The CFFT is an FRP tube with concrete in-fill, but with lower weight and
high corrosion resistance. For efficient confinement, the cross-section of the CFFT tends
to be circular due to the flexibility of FRP although prismatic CFFT’s benefit from
confinement especially if the corners are more rounded (Carter et al. 2014; Lam and Teng
2003).
Referred to as the hollow-core FRP-concrete-steel column (HC-FCS) it improved
upon the CFFT (Teng et al. 2007) by adding an inner circular steel tube to act as
longitudinal reinforcement. The addition of an inner tube offers many benefits including;
reduced concrete requirement, lighter members, lower costs and construction times as
compared to RC columns. Seismic performance is also increased due to the energy
dissipation of the steel when deformed. Testing of the FRP-confined hollow
cylinder/column (FCHC) made clear that the inner steel tube was required to prevent
spalling of the concrete during cyclic loading which would result in a premature loss of
strength. The HC-FCS column maximizes the use of the beneficial material properties by
keeping the FRP in tension, concrete in compression, and steel from failing in the lower
energy outward local buckling by having it confined by concrete and FRP. This column
has been studied a great deal (Abdelkarim and ElGawady 2014; Abdelkarim and
Elgawady 2015; Abdelkarim and ElGawady 2016; Abdelkarim et al. 2017; Abdulazeez et
al. 2017; Ozbakkaloglu 2016; Ozbakkaloglu et al. 2016; Wong et al. 2008; Yu et al.
2010; Yu et al. 2012; Zhang et al. 2015) and is still being evaluated. Many cross-sections
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of HC-FCS have been tried with the apparent result being that the highest performance is
obtained by having both FRP and steel tubes be circular. If the FRP was made
rectangular, then confinement of concrete is uneven with the corners and sides under a
high and low confinement pressure respectively. The steel tube behaves in much the same
way so that a rectangular cross-section restrains concrete expansion unevenly leading to
reduced capacity.
Though many studies have been done on the behavior of concrete under
confinement, only a few have investigated the response of steel tubes under confinement.
The focus of those few studies was on jacking tubes used in tunnels and pipelines (Zhen
et al. 2014; Zhen et al. 2017) and the use of FRP wrapping of steel tubes to improve
ductility and retrofit unsafe columns (Teng and Hu 2007). It has been proven that a steel
jacking tube under axial compression within an elastic medium has a dramatic increase in
capacity with a small value of subgrade reaction. This is based upon the correlation
between finite element analysis and experimental results where confinement was
produced by a tensionless Winkler foundation using modeled springs with a stiffness
equal to the coefficient of subgrade reaction and no friction for a steel jacking tube. In
one case, a specimen with a length over diameter ratio of 50 and D/t ratio of 100 had a
tenfold increase in buckling load compared to an unconfined sample if 1/500 th of the
average subgrade reaction for the considered site was used. This relationship was
asymptotic such that each increase in the subgrade reaction produced less of a result with
a plateau at about the subgrade reaction for the actual material. Changes in length or
radius had little effect on the buckling load. Moreover, increasing the D/t ratio for the
confined tests both long and short were equivalent to a short column’s buckling load this
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makes any sufficiently confined column into the equivalent of a stub column by
eliminating Euler buckling and forcing a high-energy inward local buckling mode.
Though confinement becomes much less important as the length decreases since the risk
of elastic, buckling disappears.
However, the previous discussion of jacking tubes is relevant to the subject of this
paper but lacking in two aspects concerning the experiments performed here. First, the
coefficient of subgrade reaction is a linear spring resistance, but the reality is an
additional hydrostatic pressure from the material atop the tube. Second is that jacking
tubes are larger in all dimensions compared to columns. The advantage of wrapping the
steel tube is that it postpones local buckling by resisting outward buckling of the steel
which is the typical mode of failure and forces the higher energy inward local buckling.
By wrapping a steel tube with FRP, it gains both increased axial strength and ductility.
This pushes the peak stress much closer to the yield stress and instead of a sharp peak and
rapid drop of an un-wrapped tube; the wrapped will potentially exhibit a secondary
positive inelastic curve. The buckling of cylindrical shells is a complex problem and due
to numerous variables can result in different locations and modes of failure.
Geometrically perfect shells are needed to generate the ideal buckling modes
represented as sinusoidal waves in the circumferential and axial directions measured in
the number of periods which occur (Hoff 1966) as seen in Figure 1.1. Those typical
examples are a part of the classical theory of shells which have been improved upon by
adding additional degrees of freedom and changes in geometry (Flugge 1973;
Timoshenko et al. 1959). Still, any analytical solution is an approximation that usually
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overestimates the buckling loads due to localized imperfections that can not be evaluated
with hand calculations.
The typical modes of failure that are exhibited in the above composite columns
utilizing steel tubes are wrinkling elephant’s foot and general buckling. Wrinkling, also
known as ring buckling is an elastic-plastic form of buckling which occurs as multiple
folds in the surface. This failure can be local to one end or extend along the length of the
shell at an extreme vertical displacement the shell will collapse like an accordion
(Vasilikis and Karamanos 2012). Elephant’s foot buckling is another form of elasticplastic buckling in which at one end of the shell a single symmetrical outward fold will
occur with a top view of n=0 [Figure 1.1].

Figure 1.1. Circumferential buckling modes

In comparison to wrinkling, elephant’s foot buckling will only form a single fold
that will increase in diameter with displacement. Elephant’s foot will become dominant
as the D/t ratio decreases, and as such, the steel may overcome confinement and buckle
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outwards by rupture of FRP or crushing of concrete. Last is general buckling which is an
elastic failure that can resemble crumpling or crushing with one symmetric or nonsymmetric large failure zone. This type is more likely to be found in thin shells, but due
to the immense complexity of the buckling of cylindrical shells any imperfection in
material or geometry can result in very different deformations (Bushnell 1980).
Due to the complexity of developing equations which define the buckling and
post-buckling behavior of the cylindrical shell it has become common practice to use
finite element software to address this case (Aly 1995; Haynie and Hilburger 2010; Little
et al. 2008). It has been proven that doing so produces accurate results which can
replicate the failure mode and stresses occurring in test specimens. Due to the software
using geometrically perfect representations of the shells the ideal buckling modes may be
created which are represented as sinusoidal waves in the circumferential and axial
directions measured in the number of periods which occur (Hoff 1966). Those
fundamental patterns are a part of the classical theory of shells which have been
improved upon by adding additional degrees of freedom and changes in geometry
(Flugge 1973; Timoshenko et al. 1959). Still, any analytical solution is an approximation
which usually overestimates the buckling loads due to localized imperfections which
cannot be evaluated by hand calculations (Bushnell 1980).
The finite element program LS_DYNA was used to model the performed tests.
The model was then verified against experimental data. The properties used in the model
are applicable in the case of compression buckling on the steel. However, due to the
sensitivity of its geometry, an imperfection must be introduced to the FE programs using
perfect geometries (Teng and Hu 2007). LS_DYNA has included in it several methods
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for applying perturbations-based imperfections to the simulated models (Abdelkarim and
ElGawady 2014; Abdelkarim and Elgawady 2015; Abdelkarim and ElGawady 2016;
Abdelkarim et al. 2017; Carter et al. 2014; Fakharifar et al. 2016; He et al. 2011; Jones
2011; Rahman and Jansen 2010). In this case, a linear perturbation using nodal
displacement was applied. It is also known that refining of the mesh for the shell results
in local buckling at progressively lower loads so that a sensitivity analysis must be done
to find a sufficiently fine mesh without excessive refining. As the model developed is
either unique or previously unpublished it was necessary to research and test all
parameters used in its creation with the aid of the published references for LS-DYNA
(LSTC 2016; Yan 2016). By testing pieces of the model and developing an ever more
complex iteration a sufficiently accurate and efficient model was developed.
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PAPER

I. LOCAL BUCKLING OF AXIALLY LOADED STEEL TUBES CONFINED
BY CONCRETE AND FRP
Nicholas Colbert1; Mohanad M. Abdulazeez 2; and Mohamed A. ElGawady3§, PhD, M.
ASCE

ABSTRACT

The present study experimentally investigates the behavior of hollow core FiberReinforced-Polymer (FRP) concrete circular-steel (HC-FCS) short columns under axial
compression loads. The HC-FCS column for buildings consists of an outer circular fiber
reinforced polymer (FRP) tube, an inner thin-walled circular steel tube concentrically
aligned, and a concrete shell between them. The FRP used in this study were largerupture strain FRP (LRS-FRP) type (PET) and conventional Glass FRP (GFRP). The
LRS-FRP is manufactured out of polyethylene terephthalate (PET) obtained from
recycled plastics. 17 small-scale columns were tested. An axisymmetric axial
compressive load was applied directly to the steel tube under a displacement-controlled
loading. The conducted parametric study examined the effects of diameter-to-thickness
(D/t) ratio, concrete unconfined compressive strength, FRP thickness, and concrete shell

1

Graduate Research Assistance, Dept. of Civil, Architectural, and Environmental Engineering, Missouri
University of Science and Technology, Rolla, MO. 65401; nbcwd2@mst.edu
2 Ph.D. Candidate, Dept. of Civil, Architectural, and Environmental Engineering, Missouri University of
Science and Technology, Rolla, MO. 65401; mma548@mst.edu
3 Benavides Associate Professor, Dept. of Civil, Architectural, and Environmental Engineering, Missouri
University of Science and Technology, Rolla, MO. 65401; elgawadym@mst.edu
§Corresponding author

11
thickness. Ductility is improved in all cases with the concrete adding a positive second
curve. The obtained outcomes revealed that increasing the D/t ratio led to a decrease in
the examined column strength if it surpassed a D/t ratio of 118, and for all other
thicknesses of steel tubes; the specimens did reach and exceed yield strength. Concrete
strength had little effect on capacity, only increasing axial stress after 3% strain on the
used high strength concrete. FRP thickness had a powerful influence such that as
effective confinement rises stiffness increases with one and two layers of GFRP having
the same behavior. The results indicate that the capacity of the tested columns was
significantly improved by increasing the confinement ratio, through preventing the
outward buckling of the inner steel tube and increasing the stiffness of the HC-FCS
columns. Buckling mode is affected mainly by steel thickness, confinement so that as the
steel becomes thinner and confinement lessens the buckling will become more
widespread, and move away from the ends. Finally, Concrete shell thickness led to
marginal improvements in strength for thicknesses less than 25.4 mm (1 inch) and had a
substantial effect at 50.8 mm (2 inches).

1. INTRODUCTION

In recent decades, there has been a drive towards the development of higher
performance structural members that use new materials and or geometries to affect a
myriad of improved qualities such as compressive strength and ductility. Concrete-filled
steel tubes (CFSTs) are commonly used in Europe, China, and Japan as bridge piers and
building columns. Consisting of hollow steel members with concrete infill, they have
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high compressive strength due to the concrete, which is under confinement from the steel
tube, and the concrete then prevents the inward buckling of the steel enhancing its
strength. The steel tube acts as flexural and shear reinforcement with the option of adding
additional flexural reinforcing steel into the concrete for added strength or to connect
with other members. The composite action of this column gives it a significant
improvement in ductility over well-designed reinforced concrete (RC) making it more
seismically resilient. To save materials and weight an additional smaller steel tube can be
put in a CFST column so that it displaces the concrete that would have taken up that
volume.
In the last two decades, the use of fiber-reinforced polymer (FRP) has become
prevalent in the structural engineering world due to its high performance. It has been used
for new construction and in the retrofit of concrete columns. RC column wrapped with
FRP results in improved ductility due to the improved confinement of the concrete. This
has led to the use of FRP wrapping as a rapid economic method of repairing and
retrofitting columns in high seismic zones (Fakharifar et al. 2015; Fakharifar et al. 2016;
Priestly and Lew 1992).
To better make use of the confining properties of FRP, the concrete-filled fiber
tube (CFFT) column was developed to combine the axial resistance of concrete with the
continuous confinement of FRP to improve strength and ductility as with FRP wrapped
RC columns. The CFFT is an FRP tube with concrete in-fill, but with lower weight and
high corrosion resistance. For efficient confinement, the cross-section of the CFFT tends
to be circular due to the flexibility of FRP although prismatic CFFT’s benefit from
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confinement especially if the corners are more rounded (Carter et al. 2014; Lam and Teng
2003).
Referred to as the hollow-core FRP-concrete-steel column (HC-FCS) it improved
upon the CFFT (Teng et al. 2007) by adding an inner circular steel tube to act as
longitudinal reinforcement. The addition of an inner tube offers many benefits including;
reduced concrete requirement, lighter members, lower costs and construction times as
compared to RC columns. Seismic performance is also increased due to the energy
dissipation of the steel when deformed. Testing of the FRP-confined hollow
cylinder/column (FCHC) made clear that the inner steel tube was required to prevent
spalling of the concrete during cyclic loading which would result in a premature loss of
strength. The HC-FCS column maximizes the use of the beneficial material properties by
keeping the FRP in tension, concrete in compression, and steel from failing in the lower
energy outward local buckling by having it confined by concrete and FRP. This column
has been studied a great deal (Abdelkarim and ElGawady 2014; Abdelkarim and
Elgawady 2015; Abdelkarim and ElGawady 2016; Abdelkarim et al. 2017; Abdulazeez et
al. 2017; Ozbakkaloglu 2016; Ozbakkaloglu et al. 2016; Wong et al. 2008; Yu et al.
2010; Yu et al. 2012; Zhang et al. 2015) and is still being evaluated. Many cross-sections
of HC-FCS have been tried with the apparent result being that the highest performance is
obtained by having both FRP and steel tubes be circular. If the FRP was made
rectangular, then confinement of concrete is uneven with the corners and sides under a
high and low confinement pressure respectively. The steel tube behaves in much the same
way so that a rectangular cross-section restrains concrete expansion unevenly leading to
reduced capacity.
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Though many studies have been done on the behavior of concrete under
confinement, only a few have investigated the response of steel tubes under confinement.
The focus of those few studies was on jacking tubes used in tunnels and pipelines (Zhen
et al. 2014; Zhen et al. 2017) and the use of FRP wrapping of steel tubes to improve
ductility and retrofit unsafe columns (Teng and Hu 2007). It has been proven that a steel
jacking tube under axial compression within an elastic medium has a dramatic increase in
capacity with a small value of subgrade reaction. This is based upon the correlation
between finite element analysis and experimental results where confinement was
produced by a tensionless Winkler foundation using modeled springs with a stiffness
equal to the coefficient of subgrade reaction and no friction for a steel jacking tube. In
one case, a specimen with a length over diameter ratio of 50 and D/t ratio of 100 had a
tenfold increase in buckling load compared to an unconfined sample if 1/500 th of the
average subgrade reaction for the considered site was used. This relationship was
asymptotic such that each increase in the subgrade reaction produced less of a result with
a plateau at about the subgrade reaction for the actual material. Changes in length or
radius had little effect on the buckling load. Moreover, increasing the D/t ratio for the
confined tests both long and short were equivalent to a short column’s buckling load this
makes any sufficiently confined column into the equivalent of a stub column by
eliminating Euler buckling and forcing a high-energy inward local buckling mode.
Though confinement becomes much less important as the length decreases since the risk
of elastic, buckling disappears.
However, the previous discussion of jacking tubes is relevant to the subject of this
paper but lacking in two aspects concerning the experiments performed here. First, the
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coefficient of subgrade reaction is a linear spring resistance, but the reality is an
additional hydrostatic pressure from the material atop the tube. Second is that jacking
tubes are larger in all dimensions compared to columns. The advantage of wrapping the
steel tube is that it postpones local buckling by resisting outward buckling of the steel
which is the typical mode of failure and forces the higher energy inward local buckling.
By wrapping a steel tube with FRP, it gains both increased axial strength and ductility.
This pushes the peak stress much closer to the yield stress and instead of a sharp peak and
rapid drop of an un-wrapped tube; the wrapped will potentially exhibit a secondary
positive inelastic curve. The buckling of cylindrical shells is a complex problem and due
to numerous variables can result in different locations and modes of failure.
Geometrically perfect shells are needed to generate the ideal buckling modes
represented as sinusoidal waves in the circumferential and axial directions measured in
the number of periods which occur (Hoff 1966) as seen in Figure 1. Those typical
examples are a part of the classical theory of shells which have been improved upon by
adding additional degrees of freedom and changes in geometry (Flugge 1973;
Timoshenko et al. 1959). Still, any analytical solution is an approximation that usually
overestimates the buckling loads due to localized imperfections that can not be evaluated
with hand calculations.
The typical modes of failure that are exhibited in the above composite columns
utilizing steel tubes are wrinkling elephant’s foot and general buckling. Wrinkling, also
known as ring buckling is an elastic-plastic form of buckling which occurs as multiple
folds in the surface. This failure can be local to one end or extend along the length of the
shell at an extreme vertical displacement the shell will collapse like an accordion
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(Vasilikis and Karamanos 2012). Elephant’s foot buckling is another form of elasticplastic buckling in which at one end of the shell a single symmetrical outward fold will
occur with a top view of n=0 [Figure 1].

Figure 1. Circumferential buckling modes

In comparison to wrinkling, elephant’s foot buckling will only form a single fold
that will increase in diameter with displacement. Elephant’s foot will become dominant
as the D/t ratio decreases, and as such, the steel may overcome confinement and buckle
outwards by rupture of FRP or crushing of concrete. Last is general buckling which is an
elastic failure that can resemble crumpling or crushing with one symmetric or nonsymmetric large failure zone. This type is more likely to be found in thin shells, but due
to the immense complexity of the buckling of cylindrical shells any imperfection in
material or geometry can result in very different deformations (Bushnell 1980).
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2. RESEARCH SIGNIFICANCE

This paper presents the results of a series of experiments evaluating the effect of
critical parameters on the axial capacity of seventeen circular steel tube under two
different cases: 1) bare, and 2) confined by concrete and FRP plies. This is currently the
only research that has been done on the behavior of steel confined by concrete and FRP.
All other work on the steel behavior was done by loading the entire column consisting of
inner steel tube restrained by the concrete shell and FRP (hollow-core-fiber-concretesteel (HC-FCS) column) and not just the steel. By varying parameters (steel tube
thickness ts, concrete strength f’c, FRP plies thickness tf, and concrete shell thickness tc),
which determine confinement of the steel tube, observations were made on how they
affect the steel buckling mode and axial compressive resistance. It is concluded that
improved performance was obtained through confinement. The addition of the concrete
shell between steel and FRP results in a significant improvement in stress-strain behavior.

3. EXPERIMENTAL PROGRAM

Seventeen specimens were tested under axial compressive load; 4 bare steel tubes
which were used to investigate the effect of steel tube thickness and 13 HC-FCS stub
columns hereafter referred to as confined columns (Table 4). All specimens had a steel
tube height of 203.2 mm (8 inches), an inner diameter of the steel tube of 108 mm (4.25
inches). The height of the confined concrete and/or FRP was equal to the steel tube
height.

18
3.1. MATERIALS
Two types of fiber were tested; glass fiber reinforced polymer (GFRP) and
Polyethylene terephthalate (PET) fiber. PET is plastic commonly found in water bottles
and has a much higher rupture strain compared to the glass fiber. Both fibers had strands
mostly oriented in one direction, which became the circumferential direction in the FRP
tubes. Properties of both fibers were based upon flat coupon tests. The FRP tensile
strength (ff) and ultimate tensile strain (ɛfrp) are based upon peak stress during the testing.
For purposes of constructability, two self-consolidating concrete (SCC) mixes
were designed and tested to provide the required strength and high flowability the mix
designs are found in Table 2. Mix 1 and 2 are high and low strength respectively with
cure time varied to produce the required unconfined strength. Both mixes used a crushed
coarse aggregate of 9.5 mm (0.375 inches) maximum passing size and class C fly ash that
aided in preventing segregation while limiting early strength. The unconfined cylinder
test strengths were determined by ASTM C39 and are found in Table 4.

Table 1. Properties of FRP
Obtained from flat FRP coupon test
Material Type

Nominal
thickness,
tf [mm (inch)/ply]

Ultimate
Tensile strength,
tensile strain,
ff [MPa (ksi)]
ɛfrp (%)

Elastic
modulus,
Efrp [GPa (ksi)]

GFRP

1.27 (0.05)

575 (83.4)

2.20

26.1 (3,785)

PET

3.3 (0.13)

210 (30.4)

7.6

2.2 (319)
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Table 2. Concrete mix designs
Cement
Mix # w/cm [kg/m3
(lb/yd3)]

Fly Ash
[kg/m3
(lb/yd3)]

Water
[kg/m3
(lb/yd3)]

Fine
aggregate
[kg/m3
(lb/yd3)]

Coarse
aggregate
[kg/m3 (lb/yd3)]

1

0.59

350 (590)

101 (170)

225
(450)

848 (1,430)

848 (1,430)

2

0.53

249 (420)

178 (300)

225
(380)

848 (1,430)

848 (1,430)

Tension coupons were tested based on ASTM E8/E8M – 16a with strain at the
middle region determined by clip gage over a one-inch length that was used to create
stress-strain plots of the steels. The obtained results were illustrated in Table 3 and Figure
2. Young’s modulus was determined by fitting a curve to the elastic region, this curve
was then used to find the yield by 0.02% offset method. Ultimate strains were the
location of maximum stress. The thicker two sheets of steel exhibit necking and
significant elongation before rupture, while the other thicknesses have brittle behavior
with shear failure [Figure 2].

Table 3. Properties of steel
Thickness
[mm (inch)]

Young’s
Modulus
[GPa
(103ksi)]

2.7 (0.10)

Yield
Strength
[MPa
(ksi)]

Yield
Strain
(%)

Ultimate
Strength
[MPa
(ksi)]

218 (31.6) 325 (47.2)

0.34

384 (55.7) 14.5

29.8

0.91 (0.036)

217 (31.5) 196 (28.4)

0.29

305 (44.2) 22.1

38.2

0.51 (0.020)

208 (30.2) 724 (105)

0.56

745 (108)

1.20

3.00

0.38 (0.015)

195 (28.3) 779 (113)

0.68

800 (116)

1.20

2.90

Ultimate
Strain (%)

Rupture
Strain (%)
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(a)

(b)

(c)

(d)

Figure 2. Axial strain-stress curve for different steel coupon thicknesses tensile test
(a) 2.54 mm (0.1 inches); (b) 0.91 mm (0.036 inches); (c) 0.51 mm (0.02 inches);
(d) 0.38 mm (0.015 inches)

21
3.2. TEST SPECIMENS
The steel tubes had to be custom fabricated from milled sheets that were shaped
with a slip roll and seam welded with a tungsten-inert-gas (TIG) welder [Figure 3 (a)]. To
apply the axial load and avoid the local buckling at the tube ends [Figure 3 (b)], a coupler
made of steel mandrel had one end lathed to fit inside the tube snugly [Figure 3 (c)]. The
coupler was tapered from the end to 12.7 mm (0.5 inches) from the end. The seam
between coupler and tube was seam welded and ground flush with the surface. The steel
coupler dimensions were 50.8 mm (2 inches) height with a wall thickness of 9.5 mm
(0.375 inches). To allow strain gage wires to be passed rounded sections of half an inch
wide and deep were cut into the coupler tubes.

(a)

(b)

(c)

Figure 3. Bare tubes (a) before couplers were added; (b) tested tube without couplers;
(c) cross-sectional layout

22
For the confined tests, the specimens were prepared by first making the FRP tubes
using a wet layup process. This process includes wrapping the saturated fiber around
sonotube and allowing for a one-third overlap of the final layer to prevent premature
debonding. Then the steel tubes were inserted into 38 mm (1.5 inches) thick solid foam,
and the outer FRP tube was centered on the steel tube and held in place [Figure 4 (c)].
The foam was used to prevent concrete from flowing around the bottom coupler and into
the tube so that axisymmetric conditions could be achieved. Oil was then applied to the
steel tubes to break the bond and reduce the friction between concrete and steel. Then
concrete was poured into the space between steel and FRP.

(a)

(b)

(c)

Figure 4. Confined column preparation before concrete pouring

3.3. TEST INSTRUMENTATION AND LOADING
Sixteen strain gauges were installed inside the steel tube at three levels with a
spacing of approximately 89 mm (3.5 inches) between levels [Figure 5]. Four horizontal
and four vertical strain gauges were installed at mid-height at section A-A spaced
equidistance about the circumference in 0/90 degree rosettes.

23

+ : horizontal and vertical strain gauge
- : horizontal strain gauge
Figure 5. Strain gauge layout mounted on FRP and steel tube

Testing of the specimens was carried out on an MTS 2500 machine under a
monotonic loading rate of 0.51 mm/min (0.02 inch/min) [Figure 6]. Testing was
performed until at least one and a half inches of displacement had been reached and
continued until the loading head nearly reached the concrete surface. During testing, the
top platen was fixed, and the bottom was a ball-jointed platen allowing free rotation to
represent a pinned connection.

4. RESULTS AND DISCUSSION

Steel tubes with thicknesses of 2.54, 0.91, 0.51, and 0.38 mm (0.1, 0.036, 0.02,
and 0.015 inches) were tested monotonically under compression load in two different
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(a)

(b)
Figure 6. Confined steel tube testing (a) specimen on the machine, (b) test layout

scenarios. First, was as bare steel tubes in a group of 4 specimens, and second was
confined by concrete and FRP in a group of 13 confined columns. The obtained results
were compared for both cases in this study. The investigated steel tubes are shown in
Table 4.

4.1.GENERAL BEHAVIOR OF BARE STEEL TUBES
The bare steel tube developed a pattern of inward and outward local buckles
[Figure 7]. The edge distortion had the same effect in the bare tubes causing end
buckling. The exception was with S4, which failed in the middle region due to
insufficient bending stiffness to overpower the boundary condition of the weld and a high
D/t ratio.
Table 5 and Figure 7 illustrate the different types of buckling mode at failure,
which was found to be different for each investigated specimen mainly according to inner
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Table 4. Matrix of the tested columns
Case

Specimen
ID

Variable

Bare steel tubes

S1
S2
S3
S4

FRP Outer
Diameter
Do [mm
(inch)]

Steel
Thickness
[mm (inch)]

Concrete
Thickness
[mm (inch)]

-

2.54 (0.1)

-

-

42.5

-

0.91 (0.036)

-

-

118

-

0.51 (0.02)

-

-

212

-

0.38 (0.015)

-

-

283

-

Steel
Tube
Wall
Thickness (ts)
-

A1
REF
A2

Steel
Tube
Wall
218 (8.6)
Thickness
(ts)

A3
B1
B2
B3

Unconfin
ed
concrete
Strength
(f’c)

Concrete
Strength
[MPa
(ksi)]

D/t

2.54 (0.1)

42.5

0.91 (0.036)

118
51 (2)

32.4 (4.7)

3 GFRP

0.51 (0.02)

212

0.38 (0.015)

283
13.8 (2)

218 (8.6)

0.91 (0.036)

51 (2)

22.8 (3.3)

118

1 PET
FRP plies

218 (8.6)

0.91 (0.036)

51 (2)

32.4 (4.7)

118

Confined steel tubes

C3

D3

1 GFRP
2 GFRP

D1
D2

3 GFRP

50.3 (7.3)

C1
C2

Number
of FRP
Layers

Concrete
shell
thickness
(tc)

174.8
(6.88)
155.4
(6.12)
117.1
(4.61)

0.91 (0.036)

13 (0.5)

32.4 (4.7)

118

3 GFRP

25 (1)

steel tube thickness, but also confinement. In general, the wrinkling buckling failure
mode was dominant in all four groups. The bare tube stress-strain behavior of group S is
typical of tube buckling [Figure 8]. All specimens had a sharp peak and quick drop in
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strength during post-buckling. None of the tubes reached yield, this is exactly as
expected. The one oddity was S3 which had a secondary peak due to the first buckle
occurring at the weld. That buckle folded flat then formed a stiff boundary which allowed
a second peak with the buckle located past the coupler.

Table 5. Buckling mode and location results for bare steel tubes

Bare steel tubes

Specimen
Name

Variable

S1
S2
S3
S4

Steel Tube
Wall
Thickness,
(ts)

Buckling mode
failure

Location

Symmetric

Elephant Foot

Top

Y

Wrinkling

Top/Bottom

N

Wrinkling

Top

Y

General

Top/Middle

N

4.2. GENERAL BEHAVIOR OF CONFINED STEEL TUBES
The confined steel tubes had the load applied only to the inner steel tube resulting
in either wrinkling or crumpling inward buckles accompanied with the loss of stability in
the cylinder and then concrete shell cracking [Figure 9 and Table 6]. For all the 13 tested
specimens the buckling started at one end and typically stayed there. The reason is related
to the combination of friction from the concrete shell and edge distortion because of the
residual stresses from the welding process [Figure 9].
The normalized axial stresses and axial strains for the tested specimens are shown
in Figure 10. The normalized axial stress was obtained by normalizing the measured axial
stress (equal to the applied load divided by the cross-sectional steel tube area) (𝜎𝑒𝑥𝑝 )
divided by the ultimate stress (𝜎𝑢 ) obtained from the coupon test. The axial strains were
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measured using an average of two LVDT’s placed to measure movement of the loading
plate divided by the tube length of 203 mm (8 inches).

(a)

(b)

(c)

(d)

Figure 7. Bare tube deformed shapes (a) S1; (b) S2; (c) S3; (d) S4
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Figure 8. Normalized stress (𝜎𝑒𝑥𝑝 /𝜎𝑢 ) vs. strain curves for bare tube Group S

(a)

(b)

Figure 9. Confined steel tube buckling failure modes (a) wrinkling; (b) crumpling

As shown in Figure 10 (a) a large drop in the location of the bifurcation load was
produced changing from 90% to 50% of ultimate strength for steel tube D/t ratios of 118
and 212; respectively. For all other cases [ Figures 10 (b), (c), and (d)] the stiffness was
the same in the initial linear region suggesting that with D/t greater than 118 (specimen
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Table 6. Buckling mode and location results for the confined steel tubes
Specimen
Name

Variable

A1
REF
A2

Location

Symmetric

Elephant Foot

Top

Y

Bottom

Y

Top

Y

Steel Tube
Wrinkling
Wall
Thickness, (ts) Wrinkling

A3

General

Bottom/Middle N

Wrinkling

Bottom

Y

Wrinkling

Top/Bottom

Y

Wrinkling

Top

Y

General

Bottom

N

Wrinkling

Top/Bottom

Y

C3

Wrinkling

Top/Bottom

Y

D1

General

Bottom/Middle N

B1
B2
B3

Unconfined
concrete
Strength,
f’c

C1

Confined steel tubes

Buckling mode
failure

C2

D2
D3

FRP plies

Concrete shell
Wrinkling
thickness, (tc)
Wrinkling

Top/Bottom

N

Bottom

N

S2), the buckling load has a significant drop as a result of the imperfections [Figure 10
(b)]. Tubes A2 and A3 reached the ultimate strength due to the phenomenon of the
buckled steel bearing on the surrounding concrete shell. Thus, the load moving from top
coupler to buckled steel to concrete shell, then to buckled steel to bottom coupler
bypassing the majority of the steel tube.
Group C varied layers of FRP used to confine the steel tube such that as
confinement was reduced strength gain at high strain decreased. For specimen C1 that
used PET, there was a remarkable loss of strength as strain increased. PET is a less stiff
fiber compared to GFRP, which allowed the fiber to stretch more with large
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deformability. This means that when the steel applied outward, pressure on the concrete
and FRP the PET was insufficiently stiff to provide the needed confinement to maintain
resistance. Specimen D1 was a GFRP wrapped steel tube with no bonding between steel
and fiber. D1 had the same negative stiffness curve as Group S. Due to the low friction of
FRP, only a small increase in strength and ductility was seen which might have been in
response to the buckling mode influenced by the surrounding materials.
Figure 11 shows the load-displacement curves for the investigated confined steel
tubes. All curves can generally be divided into three linear regions. First is the initial stiff
curve, which includes buckling deformations. Second, is the curve which has the
substantial decrease in stiffness. Then comes the third one with the zero and negative
stiffness region curve, which is a result of the inward buckle as it folds flat. Depending on
how much displacement is allowed, another positive stiffness curve initiated due to
localized progressive buckling starting another fold. This pattern of uniform buckling
“wrinkling” [Table 6] is responsible for the massive strength gain at high displacement, a
trend which is notably absent in specimens C1 and D1.
After specimen testing, they were deconstructed for evaluation. It was found that
on the inside surface of the concrete shell where buckling had occurred there were signs
of surface damage caused by abrasion, generally at the top and the bottom level of the
steel tube of confined columns [Figure 12]. Abrasion is noticeable by the lighter color of
the surface. When testing begins at the initial loading position, the surface of the steel,
tube, and coupler are smooth. However, after loading begins the steel tube attempts to
transition to one of the un-confined buckling modes which always has the first
deformation outward from the surface.
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(a)

(b)

(c)

(d)

Figure 10. Normalized stress (𝜎𝑒𝑥𝑝 /𝜎𝑢 ) vs. strain curves for the confined steel tubes
(a) group A; (b) group B; (c) group C; and (d) group D

Several actions took place between the steel and concrete during the tests that are
critical to understanding their behavior. As the load was applied the steel tube between
the end weld and the internal edge of the coupler bends outward like it does in the bare
steel tubes tests [Figure 13 (a)]. This outward deformation applied pressure on the inner
shell of the concrete in the confined columns. The outward buckling of the steel was
restrained by the concrete shell. Since buckling could not occur next to the end weld, it
moved to the nearest region where buckling was possible. That location was at the
internal edge of the coupler where a thick steel tube no longer trapped the steel tube
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between itself and concrete. Hence buckling first happens just past the coupler routinely
forming a uniform inward fold [Figure 13 (b)]. A side effect of this action is that the steel
tube at the end of the coupler above the buckle tends to bulge slightly outward due to the
moment exerted on it by the bending tube. That is where the friction damage starts; this is
known because crushed concrete was found pinched in the first fold after the coupler.
The folding of the tube tends to continue as long as axial movement happens [Figure 13
(c)]. If continued the steel tube will progressively create folds from its ends to its middle.

(a)

(b)

(c)

(d)
Figure 11. Load vs. displacement curves for the confined steel tubes
(a) group A; (b) group B; (c) group C; and (d) group D
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A consequence of the interaction between concrete shell and steel stated above is
that part of the vertical load applied to the steel tube is converted into radial pressure on
the concrete shell. Consequently, slight deformation in the concrete shell took place
during testing. The concrete shell develops internal stresses which vary over the height.
In the interior of the concrete shell, the material is under triaxial stress due to radial
compression, tangential tension, and axial tension. Tangential stresses creating tension

(a)

(b)

(d)
(c)
Figure 12. Abrasion damage (a) specimen A3; (b) specimen B2; (c) specimen C2;
(d) specimen D3
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are responsible for the radial cracking. Axial stresses are low due to most of the forces in
the concrete being directed into the FRP. The exception is at the top and bottom of the
concrete surface which is under biaxial loading due to having one direction unrestrained.
The tangential and radial pressures cause an axial expansion and hence axial stress. The
axial internal stress caused by specimen A1 exceeded the tensile capacity of the surface
concrete creating the only case of concrete spalling [Figure 14]. It is worth to mention
that no FRP rupture happened in any test for the investigated steel tubes.

(a)

(b)

(c)

Figure 13. Deformed sections (a) unconfined tube at weld; (b) confined tube past weld;
(c) confined tube at the end of the test

Figure 14. Spalling column A1
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4.3. LOCAL BUCKLING BEHAVIOR OF CONFINED STEEL TUBES
This section summarizes the important details relating to strain gauge data and
local buckling stresses determined by strain gauge data. Figure 15 shows the strain gauge
data for specimens B2 and D1. These specimens were picked because they represent all
behaviors seen in the strain gauges for the test set. The strain gauges in Figure 15 are
defined by three letters. First is vertical placement; top (T), middle (M), and bottom (B).
Second is orientation, only vertical (V) strain gauge data is shown. Last, is location
around the circumference of the tube based on a top view in a counter-clockwise
direction starting with A at the weld with a 90 degree spacing between gauges. For
specimen B2, using FRP and concrete the steel will bear on the concrete after buckling
deformations has occurred. Consequently, the data unreliable after the buckling stress
[Figure 15 (a)]. While for specimen D1 with using FRP only for confining, the steel
approaches the ultimate strength but never reaches it [Figure 15 (b)]. In the initial region
of the curve the stiffness exceeds Young’s modulus drastically for a stress up to 105 MPa
(15 ksi) then reduces at a bifurcation point which is not buckling. This is due to the
friction between concrete and steel that was not seen in Figure 15 (c), which lacks
concrete. An attempt was made in the design of the experiment to reduce friction by
coating the steel in oil and ensuring the steel was smooth, but there remains some small
bond between them. The buckling point instead will be located between the yield line
and the bare tube buckling load. There was a significant change in stiffness at the weld
[Figure 15 (c)] such that when comparing gauges MVA, MVC, TVA, and TVC the
gauges located at A where the weld was were far stiffer than those across from them at C.
A reason for the significant difference is that the load will be applied unevenly due to the
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weld acting to increase the capacity of the line at A. An additional factor is the seam weld
at either end, which will cause an uneven residual stress at either end of between -2.75 ksi
and 0.82 ksi [Figure 16]. The buckling occurs in the region with a residual stress of 0.82
ksi. Couple the welds with any geometric imperfection in the coupler ends, and there is a
small eccentricity created which does not affect the cross-sectional buckling load but will
do so to the horizontal axis in Figure 15. Specimen D1 had significant inward buckling at
the middle section, which in Figure 15 (c) can be seen as positive strain when the strain
gauges went into tension due to inward bending of the steel stretching the gauges placed
on the interior surface.
Table 7 shows the axial stress and vertical strain of full height at buckling which
was previously defined as a stiffness change occurring between yield and buckling stress
of bare tube. By confining the steel tubes, there was generally an increase in buckling
strain of 25% with an average 65% except for A2. For A2, A3, and D1 the local buckling
was not caught by the strain gauges due to it occurring around them, so they don’t see the
change, or away from them such that the cross-sectional buckling stress ended up being
less than the local buckling stress. Notice that in Table 7 the local stress can exceed the
buckling stress. In those cases, it is assumed that the gauges did not capture the buckling,
as the buckling stress cannot exceed yield. Group A shows a definite increase in buckling
stress to yield compared to group S. A1 and REF increased by 19% and 12% respectively
so that REF reached yield. A1 should have achieved yield as well except that in its case
the confinement was insufficient to prevent premature buckling due to concrete
expanding vertically. A2 and A3 had nearly no change such that at those thicknesses the
tubes were too thin to interact with the confining materials before buckling. Group B
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(a)

(b)
Figure 15. Example strain gauge data plot axial stress vs. strain (a) B2; (b) D1; (c) D1
magnified and (d) Residual stress at end weld S2

resulted in there being no difference in buckling strength between 2000-psi and 7200-psi
concrete. Group C makes the case that FRP is the main component in deciding whether
confinement improves buckling strength. Going from one layer of GFRP to three layers
increases strength from 4% higher to 30% with the third layer creating a drastic
improvement. This means that very high confining stiffness is required to improve
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(c)

(d)
Figure 15. Example strain gauge data plot axial stress vs. strain (a) B2; (b) D1; (c) D1
magnified and (d) Residual stress at end weld S2 (cont.)

buckling strength. Although PET has Young’s Modulus one-tenth that of GFRP, at the
strain where buckling is likely the epoxy is the reason for PET having a buckling strength
superior to two layers of GFRP. When the stress versus strain plot for PET was seen, it is
clear that at high deformations the difference in stiffness results in a very different axial
strength. Group D shows that concrete plays a critical role in increasing the buckling
strength. With only FRP wrapping, which is not bonded to the steel, there is no difference
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in buckling load between S2 and D1. If a half inch of concrete is added, then the ratio
goes up by 11% with two inches being another critical number since it reaches 100% of
yield. This is likely to be caused by the concrete spreading the local stresses out and not
allowing the steel to deform in a small region causing buckling. FRP is stiffer than
concrete, but with this thickness, it is much more flexible than either steel or concrete
shells and as such will easily bend when steel buckles against it. The concrete acts to arch
the local stress into a more sizeable area on the FRP which turns the loading from a point
load deforming a membrane to a distributed stress like a hydraulic line which performs
best in tension.

4.4. EFFECT OF STEEL TUBE THICKNESS
Four short columns with steel tube thicknesses (ts) ranging from 0.38 mm (0.015
inches) to 2.54 mm (0.1 inches) were tested during this research. Figures 17 and 18
showed the typical failure modes of the tested specimens. While Figures 19 and 20
presented the plots of load versus steel tube displacement and (σexp / σu) versus strain
compared to the bare steel tube for each examined column. Results were compared to the
bare steel tube tests.
Generally, when the thickness of the steel tube was increased the capacity
increased significantly. For the reference and A1 specimens, the buckling mode seen in
Figures 18 (a) and 18 (b) was a localized uniform inward fold around the circumference.
While it was elephants foot for A1 both of which are restricted to the ends of the
specimen. However, at a higher D/t [Figure 18 (c and d)] the buckling becomes less
localized, and for specimen A3 it is seen that a severe buckling occurred from top to
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Table 7. Test buckling results
Strain at buckle
(mm/mm)

Confined to
bare buckle
strain Ratio

Buckle
stress [MPa
(ksi)]

Buckle to
yield stress
ratio

0.005

-

186 (27)

0.57

0.0028

-

172 (20)

0.70

0.0048

-

331 (48)

0.46

S4

0.0039

-

283 (41)

0.36

A1

0.0077

1.54

248 (36)

0.76

0.0045

1.61

196 (28.4)

1.00

0.0039

0.81

345 (50)

0.48

A3

0.0049

1.26

290 (42)

0.37

B1

1.50

196 (28.4)

1.00

1.50

196 (28.4)

1.00

B3

Unconfined 0.0042
concrete
0.0042
Strength
(f’c)
0.0043

1.54

196 (28.4)

1.00

C1

0.0045

1.61

165 (24)

0.85

0.0046

1.64

145 (21)

0.74

0.0070

2.50

152 (22)

0.77

0.0037

1.32

138 (20)

0.70

0.0093

3.32

159 (23)

0.81

0.0036

1.29

172 (25)

0.88

Specimen
name

Variable

S1
S2
S3

REF
A2

B2

C2

Steel Tube
Wall
Thickness
(ts)

Steel Tube
Wall
Thickness
(ts)

FRP plies

C3
D1
D2
D3

Concrete
shell
thickness
(tc)

middle. When localized buckling occurs such as wrinkling and elephant’s foot, the postbuckling is energy intensive due to the buckled region plastically deforming the entire
cross-section. But in the case of A3 if the D/t is too high then a much more significant
buckle will form which will be elastic in nature, meaning that there will be no progressive
failure of repeated buckling and will never reach ultimate stress in the steel. For full-scale
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columns, it would be risky to increase the D/t too much due to the sudden loss of the
benefit of the steel tube during an extreme event that would leave the concrete
unconfined on the inner face.

(a)

(d)

(b)

(c)

(e)
Figure 16. Failure mode of the concrete shell of confined column group (A)
(a) undeformed shape; (b) REF; (c) A1; (d) A2; (e) A3

4.5. EFFECT OF UNCONFINED CONCRETE STRENGTH
Four short columns with unconfined concrete strength (f’c) ranging from 13.8
MPa (2,000 psi) to 50.3 MPa (7,300 psi) were tested during this research. Figures 21 and
22 showed the typical failure modes of the tested specimens in this group. While Figures
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(a)

(b)

(c)

(d)

Figure 17. Steel tube buckling failure mode group (A) (a) REF; (b) A1; (c) A2; (d) A3

(a)

(b)

(c)

(d)
Figure 18. Load vs. axial displacement group (A) (a) REF; (b) A1; (c) A2; (d) A3
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(a)

(b)

(c)

(d)
Figure 19. Stress/ultimate stress (𝜎𝑒𝑥𝑝 /𝜎𝑢 ) vs. strain group (A)
(a) REF; (b) A1; (c) A2; (d) A3

23 and 24 presented the plots of load versus steel tube axial displacement and (σexp / σu)
versus strain from the obtained inner steel tube capacity results compared to the bare steel
reference specimen.
As shown in Figures 23 and 24, increasing the concrete strength resulted in no
change in strength up to 2% strain. After 2% strain specimen B3 diverges from the other
tests so that by 4% strain a 20% increase is observed [Figure 10 (b)]. This is implying
that for concrete between 13.8 MPa (2 ksi) and 32.4 MPa (4.7 ksi) there is no advantage
in increasing concrete strength. Nevertheless, at high strain concrete with strength greater
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than 32.4 MPa (4.7 ksi) grants a very significant increase in strength. By that point for all
specimens, the concrete had developed cracks radiating outward from the steel tube with
the most typical pattern for all specimen being a 120-degree separation between cracks
[Figure 17 (d)].

(a)

(b)

(c)

Figure 20. Failure mode of the concrete shell of confined column group (B)
(a) B1; (b) B2; (c) B3

As the tests continued after buckling, the tubes will tend to apply significant
outward pressure on the concrete, which causes the cracking, and abrasion damage where
the outward buckling was restrained. At a high strength, the concrete becomes able to
resist damage from local buckling as well as excessive cracking so that the concrete is
able to apply uniform confinement. For the tested range of concrete strengths, there was
no correlation between concrete strength and buckling pattern. The observed pattern for
Group B is wrinkling buckling with almost all distortion being symmetrical at one end.
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(a)

(b)

(c)

Figure 21. Steel tube buckling failure mode group (B) (a) B1; (b) B2; (c) B3

(a)

(b)

(c)
Figure 22. Load vs. axial displacement group (B) (a) B1; (b) B2; (c) B3
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(a)

(b)

(c)
Figure 23. Stress/ultimate stress (𝜎𝑒𝑥𝑝 /𝜎𝑢 ) vs. strain group (B) (a) B1; (b) B2; (c) B3

4.6. EFFECT OF CONCRETE SHELL THICKNESS (TC)
Four short columns with concrete shell thickness (tc) of 0, 13, 25, and 51 mm (0,
0.5, 1, and 2 inches) were tested during this research. Figure 25 showed the typical failure
modes of the tested specimens in this group. While Figures 26 and 27 presented the plots
of load versus steel tube axial displacement and (σexp / σu) versus strain from the
obtained inner steel tube capacity results compared to the bare steel reference specimen.
As shown in Figures 26 and 27, increasing the concrete shell thickness from 0 to 51 mm
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(2 inches) resulted in an increase in the compression strength capacity by 27% at 2%
strain.
A small increase in stiffness in the first linear section was observed as the
concrete thickness increased [Figure 10 (d)] causing the bifurcation point to rise, there is
a definite improvement in capacity with increasing concrete thickness until 3% strain
their after the correlation becomes unclear. If no concrete is used, then there is very little
confinement resulting in improved strength and ductility than unwrapped steel up to full
capacity [confined column D1 [Figure 26 (a) and 27 (a)], but no second linear region
occurs after bifurcation. If FRP alone is used, then the behavior is similar to a bare tube
that suggests that when outward buckling happens the FRP is not stiff enough to
adequately restrain it. When the steel tube undergoes buckling, it will apply outward
pressure in a local area on the concrete shell. If this happens in a thick concrete shell,
then the load is distributed to a large area on the FRP and due to its flexibility the smaller,
the area the pressure is applied to the more out of round the FRP becomes. As the
concrete shell becomes thinner, a higher number of cracks form and smaller bearing
surfaces of concrete against FRP occur so that the concrete shell loses stiffness and the
FRP deforms in local regions of outward pressure. This takes place until a uniform
pressure is created which will naturally force the FRP to assume a circular cross-section
once again. Specimen D1 had a general failure in the middle section resulting in sizeable
inward buckling [Figure 25 (c)], which still produced increased ductility, and higher
strength than the control; this is representative of a test with outward buckling restrained
with friction absent. There is a significant correlation between tc and buckling behavior in
that as the concrete shell becomes thinner the failure drifts further from the end.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 24. Failure mode of the concrete shell and steel tube of confined column group
(D) (a) D1 front view; (b) D1 top view; (c) D1 steel only; (d) D2 front view; (e) D2 top
view; (f) D2 steel only; (g) D3 front view; (h) D3 top view; (i) D3 steel only
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(a)

(b)

(c)
Figure 25. Load vs. axial displacement group (D) (a) D1; (b) D2; (c) D3

4.7. EFFECT OF FRP THICKNESS
Four short columns with GFRP plies number ranging from 1 layer PET to 3 layers
GFRP were tested during this research. Figures 28 and 29 showed the typical failure
modes of the tested specimens in this group. While Figures 30 and 31 presented the plots
of load versus steel tube axial displacement and (σexp / σu) versus strain from the obtained
inner steel tube capacity results compared to the bare steel reference specimen.
As shown in Figures 30 and 31, increasing the GFRP plies number from one to three
resulted in an increase in the compression strength capacity by 17% at 2% strain.
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(a)

(b)

(c)
Figure 26. Stress/ultimate stress (𝜎𝑒𝑥𝑝 /𝜎𝑢 ) vs. strain group (D) (a) D1; (b) D2; (c) D3

By varying confinement due to FRP two trends can be observed related to the
buckling strength. First is that until the bifurcation there is essentially no difference
between any of the tests with the bifurcation point being uniform in location and stiffness
being nearly identical [Figure 10 (c)]. After bifurcation and until 3% strain a clear pattern
emerges with capacity increasing as FRP confinement increases. At high strains, PET
performs similarly to one or two layers of GFRP until it reaches 10% strain where the
only case of significant loss of strength occurs among all tests resulting in loss of
confinement but no rupture. The lower confinement resulted in a large failure in the steel
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of specimen C1 [Figure 29 (a)] because of the excessive radial deformation in the
concrete shell. Thus, allowing a lower buckling mode to occur after the initial highenergy mode applied sufficient pressure to the PET to cause significant deformation
letting the concrete shell expand outward and letting a cavity form around the steel tube,
which allowed outward buckling. General buckling in the form of large non-symmetric
inward buckling was developed in confined column C1 [Figure 29 (a)] away from the
end, so that little pressure was applied to the concrete shell by deformed steel. All other
specimens in Group C displayed symmetrical wrinkling.

(a)

(b)

(c)

Figure 27. Failure mode of the concrete shell of confined column group (C)
(a) C1; (b) C2; (c) C3

5. CONCLUSION

This paper has investigated the behavior of the steel tube in the confined column
when subjected to axial load. Strain at buckling increased at least 25% compared to
unconfined tubes and when friction is minimized the steel tube will nearly reach a peak
stress equal to the ultimate stress. It was shown that the steel thickness could be
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decreased to a D/t of at least 118 while still achieving yield at buckling. The strength of
the concrete used in the confined columns has almost no impact on capacity and only has
any effect at a comparatively high strain. If the thickness of the concrete is increased,
then there is a small increase in capacity, and the concrete is vital to maintaining capacity
and creating the secondary curve. Also, the thinner the concrete, the lower the buckling
strength will be. Lastly, for the tested specimens increasing FRP confinement resulted in
an increase in capacity until high strain when results become unreliable and PET loses
most of its strength. There was a threshold thickness of FRP when buckling occurred at
yield. In conclusion, the confining of a steel tube offers large improvements in capacity
and a tremendous improvement to ductility completely changing how the steel tube
should be viewed when in this composite column. It is recommended that additional
research be performed which tests these results on large scale columns and for a D/t of
between 118 and 200 to determine the maximum effective ratio.

(a)
(b)
(c)
Figure 28. Steel tube buckling failure mode group (C) (a) C1; (b) C2; (c) C3
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(a)

(b)

(c)
Figure 29. Load vs. axial displacement group (C) (a) C1; (b) C2; (c) C3

(a)

(b)

(c)
Figure 30. Stress/ultimate stress (𝜎𝑒𝑥𝑝 /𝜎𝑢 ) vs. strain group (C) (a) C1; (b) C2; (c) C3
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II. NUMERICAL AND EXPERIMENTAL PERTURBATION-BASED ANALYSIS
OF THIN-WALLED STEEL TUBES BUCKLING UNDER COMPRESSION
Nicholas Colbert4; Mohanad M. Abdulazeez 5; and Mohamed A. ElGawady6§, PhD, M.
ASCE

ABSTRACT

This paper investigates the development and validation of a numerical model of a
thin-walled steel tube under axial compressive loading. The tested specimens consisted of
a thin steel tube with a coupler inserted and welded onto each end to reduce buckling due
to edge distortion and allow an axial load to be applied when the tube is surrounded by a
solid medium. A three-dimensional finite element (FE) model was developed using
LS_DYNA. A global imperfection field is used by implementing an imperfection-based
perturbation method to accurately trigger the observed experimental deformation.
Validation of the behavior, stiffness, and failure of the model was based upon previous
tests performed on four thicknesses of steel with diameter-to-thickness ratios (D/t)
ranging from 40 to 280 under monotonic axial compression. The FE results were highly
accurate for the stress-strain curve up to buckling with acceptable accuracy in the postbuckling region. It was shown that the model did precisely match location and type of
local buckling. Finally, predictions of buckling loads by some existing models were
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compared with the experimental as well as FE results of bare steel tubes of this study.
The comparison shows that these FE models were unable to predict the buckling
(bifurcation) loads well and need further modification.

1. INTRODUCTION

Due to the complexity of developing equations which define the buckling and
post-buckling behavior of the cylindrical shell it has become common practice to use
finite element software to address this case (Aly 1995; Haynie and Hilburger 2010; Little
et al. 2008). It has been proven that doing so produces accurate results which can
replicate the failure mode and stresses occurring in test specimens. Due to the software
using geometrically perfect representations of the shells the ideal buckling modes may be
created which are represented as sinusoidal waves in the circumferential and axial
directions measured in the number of periods which occur (Hoff 1966). Those
fundamental patterns are a part of the classical theory of shells which have been
improved upon by adding additional degrees of freedom and changes in geometry
(Flugge 1973; Timoshenko et al. 1959). Still, any analytical solution is an approximation
which usually overestimates the buckling loads due to localized imperfections which
cannot be evaluated by hand calculations (Bushnell 1980).
The finite element program LS_DYNA was used to model the performed tests.
The model was then verified against experimental data. The properties used in the model
are applicable in the case of compression buckling on the steel. However, due to the
sensitivity of its geometry, an imperfection must be introduced to the FE programs using
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perfect geometries (Teng and Hu 2007). LS_DYNA has included in it several methods
for applying perturbations-based imperfections to the simulated models (He et al. 2011;
Rahman and Jansen 2010). In this case, a linear perturbation using nodal displacement
was applied. It is also known that refining of the mesh for the shell results in local
buckling at progressively lower loads so that a sensitivity analysis must be done to find a
sufficiently fine mesh without excessive refining. As the model developed is either
unique or previously unpublished it was necessary to research and test all parameters
used in its creation with the aid of the published references for LS-DYNA (Fanggi and
Ozbakkaloglu 2013; LSTC 2016; Yan 2016). By testing pieces of the model and
developing an ever more complex iteration a sufficiently accurate and efficient model
was developed.
In the current study, finite element simulations were carried out for thin-walled
steel tubes tested previously under axial compression loads. Geometrical imperfections
were embedded into a series of explicit FE models to induce buckling modes that were
obtained during the experimental tests in the steel tubes by updating the wavelength and
the magnitude of the imperfection. The aim is to assess the accuracy, robustness, and
efficiency of the imperfection-based perturbation method used in this study.

2. EXPERIMENTAL TEST PROGRAM

2.1. MATERIALS
A total of 4 bare steel tubes with different thicknesses have been investigated
under a monotonic quasi-static compressive loading [Table 1]. All specimens had a

60
testing region height of 203 mm (8 inches) and an inner diameter of the steel tube of 108
mm (4.25 inches).
To determine the mechanical properties of the four thicknesses of a1008 coldformed steel used in the specimens; tension coupons were tested based on ASTM
E8/E8M - 16a. the results were illustrated in Figure 1 and Table 2.
It’s worth mentioning that the steels for 2.5 mm (0.10 inches) and 0.91 mm (0.036
inches) both had the classic mild steel behavior with the well-defined yield point and
considerable ductility [Figure 1]. Steels 0.51 mm (0.02 inches) and 0.38 mm (0.015
inches) were far less ductile due to cold rolling resulting in a much higher yield and no
clear yield point requiring the 0.2% offset method.
Due to the unavailability of the desired steel tubes, the specimens had to be
custom fabricated from milled sheets which were shaped with a slip roll and seam welded
with a TIG welder. To both allow for the load to be applied and keep the tube’s end
cross-section circular, a section of steel mandrel two inches long and 4-5/16 inches in
outer diameter was made into a coupler and fitted into the tubes. The mandrel had half an
inch of the end lathed to fit inside the tube snuggly before the couplers on either end were
welded in place [Figure 2].

Table 1. Geometrical properties of the steel tube specimens
Specimen
name

Variable

Inner diameter D [mm Steel thickness
(inch)]
[mm (inch)]

S1
S2
S3
S4

Steel tube
wall
thickness (ts)

108 (4.25)

D/t

2.54 (0.1)

42.5

0.91 (0.036)

118

0.51 (0.02)

212

0.38 (0.015)

283
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(a)

(b)

(c)
(d)
Figure 1. Axial stress-strain curve for different steel coupon thicknesses in tension test
(a) S1: 2.54 mm (0.1 inches); (b) S2: 0.91 mm (0.036 inches); (c) S3: 0.51 mm (0.02
inches); (d) S4: 0.38 mm (0.015 inches)
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ID
S1
S2
S3
S4

(a)

(d)

Young’s
modulus
[GPa (103ksi)]
218 (31.6)
217 (31.5)
208 (30.2)
195 (28.3)

Table 2. Material properties of the steel tube
Yield
Yield
Ultimate
Ultimate
strength
strain
strength
strain (%)
[MPa (ksi)]
(%)
[MPa (ksi)]
325 (47.2)
0.34
384 (55.7)
14.5
196 (28.4)
0.29
305 (44.2)
22.1
724 (105)
0.56
745 (108)
1.2
779 (113)
0.68
800 (116)
1.2

(b)

(c)

(e)
Figure 2. Specimens (a) S1; (b) S2; (c) S3; (d) S4; (e) layout

Rupture
strain
(%)
29.8
38.2
3.0
2.9
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3. TEST INSTRUMENTATION

Displacement was determined by use of two LVDTs which were positioned to
record displacement of the top loading platon. The top platon was meant to be fixed
which reduced the difference in readings and allowed accurate displacement data by
averaging the LVDTs. Loads were obtained through the testing machine software and its
installed load cell.
Testing of the specimens was carried out on an MTS 2500 machine under a
displacement controlled monotonic axial compression loading at a rate of 0.51 mm/min
(0.02 in/min) [Figure 3]. Testing was performed until at least one inch of displacement
had been reached. During testing the top platon was fixed and the bottom was a ball
jointed platon allowing free rotation to represent a pinned connection.

(a)
(b)
Figure 3. Testing of the bare steel tubes (a) specimen on the testing machine; (b) test
layout
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4. FINITE ELEMENT MODELING

4.1. GEOMETRY
The top and the bottom plate were modeled using solid elements with constantstress one-point quadrature integration. The average element height, width, and length
were 3.2 mm (0.125 inches). The inner steel tubes were simulated using Belytsehko-Tsay
four-node shell elements. These shell elements considered bending, membrane stresses,
and forces exerted normal to the surface. The element has six degrees of freedom at each
node: translations in the nodal X, Y, and Z-directions and rotations about the nodal X, Y,
and Z-axes. Stress stiffening and substantial deflection capabilities are included.
A sensitivity analysis was conducted to determine the different element sizes. The
final model had 2,360 elements and 3,003 nodes. The steel tube elements have an average
height and width of 3.18 mm (0.125 inches) and 4.24 mm (0.167 inches), respectively.
This size was determined to produce accurate results and proper behavior with a focus on
the buckling of the steel tube. The element height in the tube is more significant than the
width due to the emphasis on axial buckling allowing deviation from the 1:1 aspect ratio.
The hourglass type and coefficient used in this study were 5 and 0.03, respectively. This
model is stiffness-based control which calculated hourglass forces proportional to total
hourglass deformation; this is more appropriate for structural parts. The reduced
hourglass coefficient was implemented here to minimize nonphysical stiffening of the
response of the structural component and at the same time efficiently inhibit hourglass
modes.
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4.2. BOUNDARY CONDITIONS AND LOADING
The boundary condition for the top surface was a nodal Z-displacement which
was applied by defining a linear load curve to maintain the quasi-static loading case by
showing minimal kinetic energy. The boundary on the bottom restrained Z-displacement
for bottom nodes and allowed all other degrees of freedom to replicate the hemispherical
jointed platon used in experimental testing [Figure4].
The model used to obtain all results was a quarter section model due to symmetry
allowing boundary conditions to replace the continuity in the full model. In the YZ-plane
all nodes on the surface of the cut are restrained against X-displacement, Y-rotation, and
Z-rotation. For the ZX-plane the nodes on the surface of the cut are restrained against Ydisplacement, X-rotation, and Z-rotation. Making these boundaries allows the Zdisplacement applied to the steel tube cause the correct buckling behavior at the edges.
Meaning radial displacement and rotation of surface of the tube which coincides with the
applied displacement.
Axial Load

(a)
(b)
Figure 4. Simulated model (a) restrained nodes; (b) loads on the column
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4.3. MATERIAL MODELS
The steel tube was defined using the material 003-plastic_kinamatic with the
option of including rate effects. It is a very cost-effective model and is available for the
beam (Hughes-Liu and Truss), shell, and solid elements. The non-tube components were
defined using an elastic modulus of 200 GPa (29,000 ksi), yield stress of 496 MPa (72
ksi), and Poisson’s ratio of 0.3. The ultimate stress and ultimate strain were 599 MPa (87
ksi) and 10%. Properties of the steel tube varied in the model due to corresponding
variations in the actual material [Table 2] such that two behaviors appeared. In the
material model, the values used were Young’s Modulus, yield stress, and the ultimate
strain which form an elasto-plastic curve with element erosion at the ultimate strain.
The test specimens discussed here were tested under quasi-static conditions in
axial compression. To apply the load in practice, a coupler was inserted into the steel tube
on either end to a depth of 12.7 mm (0.5 inches) and seam welded in place then the weld
was ground flush with the surface. This was simplified in the model by incorporating a
ring stiffener of 0.5 inches tall and 0.375 inches thick to act as the interior portion of the
coupler. The nodes between ring and tube were merged to simulate the weld. An
additional ring of equal thickness to the internal ring and length of 1.5 inches was placed
on the internal ring to apply the load.

4.4. CONTACT CONDITION
A surface to surface contact was used between both loading rings and the inner
rings. This contact type considers sliding and separation between the two surfaces.
Meaning that if displacement parallel or normal to the surface occurs, then it will be
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shown in the model. The surface to surface contact performs a penetration check between
the master and slave elements by creating a surface through the integration points of each
surface and determining if the nodes of either surface penetrate the opposite surface. This
contact is required between the loading ring and inner rings to avoid instability and interpenetration which are common if a contact is not defined.

4.5. PERTURBATION
Initial perturbations were produced using the *PERTURBATION_NODE
keyword command, and the analysis method was single precision explicit using the four
node Belytschko-Tsay shell elements with six degrees of freedom per node.
To obtain the failure modes observed in experiments, it was necessary to
introduce an imperfection to the steel tube. The real specimens had imperfections due to
the combination of roll forming changing internal stresses, forming not producing a
perfect cylindrical shape, residual stresses due to the lengthwise weld, and welding at top
and bottom which added residual stresses resulting in a small uneven loading along the
edge.
To incorporate all of those imperfections, a simple nodal perturbation was added
which created a radial displacement along the Z-axis in the form of a sine wave in the
XY-plane [Figure 5 (a)]. The perturbation was applied to all nodes between the inner
rings which matched the experimental data better than having the perturbation only on a
small portion of the surface. This is a distance of 178 mm (7 inches) which had 14 full
wavelengths of 12.7 mm (0.5 inches) each. The only value being modified between
models is the amplitude of the perturbation. The amplitude is not representative of any
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measured physical values as it is a single variable representing a composite of variables
which are hard to quantify. Shells are extremely sensitive to any imperfections and are
even more so at high D/t ratios. The mesh could be refined, and the amplitude could be
reduced, though it was found that 0.25 inches was a critical element size after which the
perturbation used changes very little. An element half that size was used for its better
resolution. In the case of the models described, the perturbation amplitudes respectively
for S1, S2, S3, and S4 were 0.043, 0.003, 0.014, and 0.011 inches. These results with the
exception of S2 are very linear [Figure 5 (b)]. The exception, S2, failed earlier due to a
local buckle at the weld. But its failure mode was very high energy and allowed it to
nearly reach its yield stress, hence the lower perturbation.

Perturbation-nodal
method

(a)

(b)

Figure 5. Perturbation (a) perturbation in the model; (b) perturbation amplitude vs tube
thickness
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5. RESULTS AND DISCUSSION

5.1. FE VALIDATION RESULTS
Figure 6 shows the axial load versus shortening of the experimental and FE
analysis conducted on the four bare steel tubes with different thicknesses seen in Table 2.
As shown in Figure 6, the FE results had a good agreement with the experimental results
with high accuracy. The FE model predicted the axial load of the steel tube generally by
less than a 2% difference and the shortening by 18%. Deformations in the tests and
models were in good agreement with two modes seen. Specimen S1 buckled in an
axisymmetric elephant’s foot buckle and the others failed by non-axisymmetric diamond
buckling. Elephant’s foot is a single outward buckle, and diamond buckling is inward and
outward buckles which in an ideal test form a pattern of diamond-shaped buckles around
the circumference of the tube. These results are as expected for their D/t ratios since at
this length over diameter ratio those modes have been proven to coincide with the tested
D/t ratios (Guillow et al. 2001). The amplitude of the applied perturbation was increased
and lead to a lower buckling load making the buckling load very accurate. In contrast, the
shortening at the buckling load was not as reliably determined due to their being little
control over its location. Due to these factors accuracy will be from highest to least;
buckling load, initial stiffness, and shortening at buckling load. As the purpose of the
steel tube models is validating the material and geometry for use in a future full model, it
makes sense that the buckling load and stiffness be the highest accuracy values as they
will be the most important.
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Table 3. Buckling loads and shortening at buckling for finite element and experimental
FE
Exp
Specimen
Buckling load
Shortening
Buckling load
Shortening
name
[kN (kip)]
[mm (inch)]
[kN (kip)]
[mm (inch)]
S1
203.8 (45.8)
2.91 (0.115)
207.6 (46.7)
2.54 (0.100)
S2
58.8 (13.2)
0.76 (0.030)
58.7 (13.2)
0.84 (0.033)
S3
57.9 (13.0)
1.39 (0.055)
58.0 (13.0)
1.16 (0.056)
S3
38.9 (8.8)
0.63 (0.025)
38.4 (8.6)
0.70 (0.026)

(a)

(b)

(c)
(d)
Figure 6. Experimental versus FE axial load-shortening backbone curve for the tested
bare steel tubes (a) S1: 2.54 mm (0.1 inches); (b) S2: 0.91 mm (0.036 inches); (c) S3:
0.51 mm (0.02 inches); (d) S4: 0.38 mm (0.015 inches)
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For the bare steel tube with a thickness of 2.54 mm (0.1 inches), the experimental
work showed a high-stress concentration at a distance of 32 mm (1.25 inches) from the
top [Figure 7 (a)]. This behavior was similarly displayed in the FE model at a distance of
38 mm (1.5 inches) from the top [Figure 7 (b)]. Furthermore, the FE model was able to
simulate the buckling patterns and mode as obtained in the experiment [Figure 7 (c and
d)]. The steel tube local buckling was uniform around the circumference which means
that one wavelength occurred or one period, this represents the first fundamental buckling
mode and is commonly referred to as an elephant’s foot buckle. The percent differences
between the model and experiment were 1.8%, 17.2%, and 2.8% for peak load,
shortening at peak load, and initial stiffness respectively.

(a)

(b)

(c)
(d)
Figure 7. S1 specimen deformed shape (a) Exp. front view; (b) FE front view; (c) Exp.
top view; (d) FE top view
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For the bare steel tube with a thickness of 0.91 mm (0.036 inches), the
experimental behavior was not as predicted due to a local failure at the weld. That caused
local buckling at about 19 mm (0.75 inches) from the bottom on the side of the weld
[Figure 8 (a)]. The FE model showed a high-stress concentration at a distance of 38 mm
(1.5 inches) from the top [Figure 8 (b)] very much matching the behavior of the 2.54 mm
(0.1 inches) specimen. Due to the local buckling on the side of the weld, an equal but
opposite buckle occurred at the top [Figure 8 (c and d)]. The FE model predicted local
buckling uniform around the circumference with a period equal to one which is a circle.
The percent differences between the model and experiment were 0.25%, 10.4%, and
16.1% for peak load, shortening at peak load, and initial stiffness respectively. Due to the
local failure at the bottom the stiffness was initially lower, a brief stable slope occurred
followed by an additional loss of stiffness as the top buckled. That sequence led to a more
ductile failure [Figure 8] and exceeded the expected capacity at higher displacement.
For the bare steel tube with a thickness of 0.51 mm (0.02 inches), the
experimental work showed a stress concentration at about 32 mm (1.25 inches) from the
top [Figure 9 (a)]. Which was repeated by the FE model at a distance of 25 mm (1 inch)
from the top [Figure 9 (b)]. Furthermore, the FE model was able to simulate the buckling
patterns and mode as obtained in the experiment [Figure 9 (c and d)]. Pairs of inward and
outward buckles form one period, which is the number of complete wavelengths. The
steel tube local buckling was uniform about the circumference with an estimated period
of five, and the FE model predicted a period of 3.5. For the FE model, this means that
there are a total of seven inward and outward buckles each of which is a half-wavelength
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(a)

(b)

(c)
(d)
Figure 8. S2 specimen deformed shape (a) Exp. front view; (b) FE front view;
(c) Exp. top view; (d) FE top view

and hence 3.5 wavelengths [Figure 9 (d)]. A period of 3.5 is due to an odd number of
buckles, and so the seven buckles observed were divided by two to get the answer of 3.5.
Due to the differences between them, the shown behavior is still excellent. The percent
differences between the model and experiment were 0.17%, 18.3%, and 7.4% for peak
load, shortening at peak load, and initial stiffness respectively.
For the bare steel tube with a thickness of 0.38 mm (0.015 inches), during the
experimental work stress concentrations occurred diagonally from 114 mm (4.5 inches)
from the top [Figure 10 (a)] to 0 mm from the top to 114 mm (4.5 inches). This is known
by observing the buckling pattern. The FE model agreed with the central buckling which
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(a)

(b)

(c)
(d)
Figure 9. S3 specimen deformed shape (a) Exp. front view; (b) FE front view;
(c) Exp. top view; (d) FE top view

appears at a distance of 114 mm (4.5 inches) from the top [Figure 10 (b)], though it did
not create the separate diagonal buckling towards one end. Furthermore, the FE model
was able to simulate the buckling patterns and mode as obtained in the experiment
[Figure 10 (c and d)]. The steel tube local buckling was not uniform with one side having
more buckling than the opposite. At the middle section, the period is about four for the
experiment which is the same for the FE model. The percent differences between the
model and experiment were 1.3%, 10.0%, and 10.4% for peak load, shortening at peak
load, and initial stiffness respectively.
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(a)

(b)

(c)
(d)
Figure 10. S4 specimen deformed shape (a) Exp. front view; (b) FE front view; (c) Exp.
top view; (d) FE top view

5.2. COMPARISON TO ANALYTICAL SOLUTIONS
The mean buckling load (Pm), after the first peak, was compared with analytical
models developed by (Abramowicz and Jones 1986; Alexander 1960; Guillow et al.
2001; Jones 2011; Magee and Thornton 1978; Pugsley 1979; Wierzbicki and
Abramowicz 1983) found in Table 4.
These models have been developed to understand the progressive collapse
behavior of circular tubes with D/t between 10 and 450. It is vital to know the behavior of
structural members at limit states, and more so for thin-walled members due to their
unstable post-buckling behavior. In the case of shorter members, the tendency is to form
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a repeated series of buckles from one end to the other which gives the load-displacement
curve a jagged shape. Though a progressive failure is feared, automotive manufacturers
have found it to be valuable as an energy absorption system. A buckle can be viewed as
three plastic hinges on a fixed-fixed column occurring at top, middle, and bottom. As the
column deforms and is folded in half the plastic hinges absorb energy due to their plastic
deformation, which is applied in the models as the plastic collapse moment (Mo). This
was first demonstrated by (Alexander 1960) as a way to determine how much load a
buckled tube can take. This method can then be used to check the accuracy of the
experimental results in this paper [Figure 11]. It is seen that the experimental results are
near those given by the models. For specimen S1 the data is spread out due to these
models being focused on thinner tubes like the other specimens. S2, S3, and S4 are
slightly higher than the model results due to the models being lower-bound solutions. An
important reason for the use of this method to verify the results is that the post-buckling
region is much more predictable than the first peak due to the difference in sensitivity to
imperfections.

Figure 11. Comparison of experimental and analytical mean buckling load
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Model

Table 4. Available analytical models for buckling loads prediction
Mean Buckling Load
𝑃𝑚
2𝑅
= 20.73√ + 6.28
𝑀𝑜
𝑡

(Alexander 1960)

4𝑡 1.7
) 𝜎𝑢 𝐴0
2𝑅
𝑃
𝑡 𝜎𝑎
= 9.097( )( )
2𝜋𝑅𝑡𝜎𝑜
𝑅 𝜎𝑜
𝑃𝑚 = 2 (

(Magee and Thornton 1978)
(Pugsley 1979)

𝑃𝑚
2𝑅
= 25.23√ + 15.09
𝑀𝑜
𝑡

(Abramowicz and Jones 1986)

(Wierzbicki and Abramowicz 1983)
(Guillow et al. 2001)

3 2𝑅
𝑃𝑚
= 62.88 √
𝑀𝑜
𝑡
𝑃𝑚
2𝑅
= 72.3( )0.32
𝑀𝑜
𝑡

(1)
(2)
(3)
(4)

(5)
(6)

6. CONCLUSION

This paper investigated the effectiveness of using finite element analysis to model
the steel used in the described compression tests. The correct buckling load was achieved
with accuracy within a few percent based upon fine-tuning the perturbation card in
LS_DYNA. Axial shortening at the buckling load was within 18.3% difference for all
instances or a max shortening difference of 0.37 mm (0.015 inches). Most significant is
that the models were able to predict both the location and type of buckling for three of the
tests with high accuracy and showed good correlation with part of S2 which had a
localized imperfection based failure. The tests were compared with analytical solutions
with generally good agreement. These results indicate that this model is sufficiently
accurate to be used as a portion of a more complex composite model.
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SECTION

3. CONCLUSION

3.1. SUMMARY AND FINDINGS
Due to the increased use of composites in civil engineering the HC-FCS column
has been created. Its performance in seismic conditions and efficiency when compared to
reinforced concrete have been shown in previous research. This thesis fills in a gap in the
research of this column by looking into the behavior of the steel tube when it is loaded in
isolation. The data from testing was then used to validate an FE model for the steel tube
which will later include concrete and FRP.
The behavior of the steel tube in the confined column when subjected to axial
load was determined by testing thirteen confined specimens and four unconfined
specimens. Strain at buckling increased at least 25% compared to unconfined tubes and
when friction is minimized the steel tube will nearly reach a peak stress equal to the
ultimate stress. It was shown that the steel thickness could be decreased to a D/t of at
least 118 while still achieving yield at buckling. The strength of the concrete used in the
confined columns has almost no impact on capacity and only has any effect at a
comparatively high strain. If the thickness of the concrete is increased, then there is a
small increase in capacity, and the concrete is vital to maintaining capacity and creating
the secondary curve. Also, the thinner the concrete, the lower the buckling strength will
be. Lastly, for the tested specimens increasing FRP confinement resulted in an increase in
capacity until high strain when results become unreliable and PET loses most of its
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strength. There was a threshold thickness of FRP when buckling occurred at yield. In
conclusion, the confining of a steel tube offers large improvements in capacity and a
tremendous improvement to ductility completely changing how the steel tube should be
viewed when in this composite column.
The effectiveness of using finite element analysis to model the steel used in the
described compression tests was then investigated using the software LS_DYNA. The
correct buckling load was achieved with accuracy within a few percent based upon finetuning the amplitude of the geometric imperfection used in the perturbation card in
LS_DYNA while holding the chosen wavelength constant. Axial shortening at the
buckling load was within 18.3% difference for all instances or a max shortening
difference of 0.37 mm (0.015 inches). Most significant is that the models were able to
predict both the location and type of buckling for three of the tests with high accuracy
and showed good correlation with part of S2 which had a localized imperfection based
failure. The tests were compared with analytical solutions with generally good
agreement. These results indicate that this model is sufficiently accurate to be used as a
portion of a more complex composite model.

3.2. RECOMMENDATION FOR FUTURE WORK
It is recommended that additional research be performed which tests these results
on stub columns with steel tubes made in a traditional manufacturing method and a D/t of
between 118 and 200 to determine the maximum effective ratio. The steel tubes used in
the future should be made of low strength hot rolled steel with a low hardness to allow
manufactured tubes to be lathed to higher D/t. In the research discussed in this thesis the
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thickness of the steel tube was held constant, therefore it is necessary for the future to
vary D/t by varying diameter. For future testing, the diameter should be chosen to allow
easier application of strain gauges. The height need not exceed the diameter due to
consistent local failure at the ends and that the vital data occurs early in the loading
before concrete bearing takes control. Lastly is the completion of the FE model.
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